X-ray crystallographic studies, low-temperature X H and 13C NMR studies, and 27Al NMR studies of a series of homoleptic tricyclopentadienylalum inum compounds [(CßHs^Al (1 ), (MeCßHJsAl (2 ), ( l,2 ,4 -Me3C5H2)3Al (3), ( l , 2 ,3 ,4*Me4C5H )3Al (4)] are reported along w ith ab initio calculations on model cyclopentadienylaluminum compounds. The ring-coordination geometries exhibited by the tricyclopentadienylaluminum compounds in the solid state vary with the number of methyl substituents on the cyclopentadienyl rings. The X-ray crystal structure of compound 1 revealed two unique m olecules in the unit cell, one w ith an {rf, rji'5, rf3} combination of ring geometries and the other w ith an {t/2, j/1* 6, rj1} combination of ring-coordination geometries. In the crystal structure of compound 3, one cyclopentadienyl ring is coordinated rf to the aluminum while the other two rings are if. Compound 4 exhibits monohapto coordination of all three tetram ethyl-substituted cyclopentadienyl rings in the solid state. These compounds are highly fluxional in solution and exhibit averaged 1H and 13C NMR spectra in the fast-exchange limit at temperatures as low as -1 1 0 °C. This behavior is explained by the ab initio calculations on model cyclopentadienylalum inum compounds which reveal almost negligible (1 -2 kcal/mol) energy differences betw een different ring hapticities (i;1, rf, rf, rf).
Introduction

«
The cyclopentadienyl ligand is probably best known for its pentahapto-coordination geometiy with transition metals. In the absence of accessible d orbitals, jr-type interactions are weaker, and deviation from 775-geometry by "ring slippage" is often observed. These "ringslipped" (rj1, rf¡ if) structures are more commonly observed among the cyclopentadienyl-main-groupmetal compounds.1" 3 Along with these ring-slipped geometries, cyclopentadienyl compounds of the maingroup elements exhibit varying degrees of fluxionality. Two different sigmatropic processes have been identified experimentally for a-bonded (rj1) species, a 1 ,2-hydrogen shift and a 1,2-shift of the main-group element.4 De tailed mechanistic information on these systems has been obtained, where possible, with the help of variable temper ature NMR techniques.
In the case of aluminum, rearrangements are too fast at accessible temperatures to be monitored by NMR. Moreover, equilibrium structures are frequently not rf but ?;L5, rf, or rf> which complicates the discussion of "the sigmatropic process". Nevertheless, it has gener ally been assumed, by extrapolation from experimen tally characterizable systems, that a similar "ringwhizzing"5-8 mechanism is responsible for the dynamic behavior observed in the X H and 13C NMR spectra of cyclopentadienylaluminum compounds. Gas-phase elee-* To whom correspondence should be addressed at the University of Idaho.
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(1) Jutzi, P. tron diffraction data on CpAlMe2 (Cp = C 5 H 5 ) and theoretical calculations at the semi-empirical and ex tended Hückel levels support a ring-whizzing mech anism.9" 11 Here we report new physical and theoretical evidence that suggests that the energy surface for cyclopentadienylaluminum compounds is shallow enough to allow other rearrangements, such as 771 ^ rj& haptotropic shifts, to compete with the traditional fluxional behavior of 0 -cyclopentadienyl compounds. X-ray crys tal structures of the homoleptic cyclopentadienylalumi num compounds CP3AI, ( l,2,4-Me3CsH2)3Al, and (1 , 2 ,3 ,4-Me4CgH)âAl reveal a dramatic effect of methyl substitution of the rings on their preferred mode of coordination to the aluminum atom in the solid statei Whereas all three tetramethylcyclopentadienyl rings in ( l ,2 ,3 ,4-Me4C5H)3Al exhibit a monohapto-coordination geometry, higher ring hapticities are seen for CP3AI, and in the structure of ( l,2,4-Me3C5H2)3Al, we have char acterized, for the first time, rf and rf ring geometries in the same molecule (vide infra). Ab initio calculations on model compounds reveal that the different ring hapticities are so close in energy that subtle changes in the ring substitution or in the electronic and steric demands of the other ligands on the aluminum can easily tip the balance with respect to the preferred ground-state geometries of the molecules as well as, perhaps, the lowest energy pathway for ring fluctuation.
Background
The unusual bis-dihapto Cp-co or dinati on geometry which we characterized for Cp2AlMe12 (Figure 1 ) stimu lated our interest in the molecular structures and fluxional behavior of cyclopentadienylaluminum com pounds. In addition to representing the first structural characterization of a dicyclop entadienylaluminum com pound, this X-ray crystal structure of CpgAlMe offered the first solid-state characterization of an ^-coordinated cyclopentadienyl ring on aluminum.
A similar ?/2-Cp coordination geometry was invoked as the best model for the gas-phase electron diffraction pattern for CpAlMe2.9 CNDO/2 and ab initio calcula tions performed by Gropen and Haaland on CpAlMe2 and CpAlH2,10 respectively, and extended Hückel cal culations performed by Hoffmann and co-workers on isoelectronic CpCH2+ 11 predict an ?/2-Cp to be the preferred ground-state geometry in these species; how ever, a geometry with an ^-C p is less than 5 kcal/mol higher in energy. Thus, a mechanism involving the circumambulatory migration of the aluminum about the cyclopentadienyl ring through a series of 1 ,2-shifts is entirely consistent with the highly fluxional nature of these compounds as evidenced by the averaged L H and 13C NMR spectra of the compounds in solution at temperatures as low as -1 1 0 °C at 7 T (X H NMR: 300 MHz) (vide infra). In order to identify the mechanism for rearrangement experimentally and to determine if alternate pathways, such as an rf + + ■ if haptotropic shift, might be involved, we included methyl substituents on the cyclopentadienyl rings of the aluminum in the hope of slowing down the dynamics to the extent of "freezing out" ring motion on the NMR time scale. As described below, our efforts to slow the fluxionality of these molecules in solution were unsuccessful. Neverthele s s , our structural characterizations of these compounds reveal an extraordinary flexibility in the manner in which aluminum coordinates its cyclopentadienyl ligands and a very delicate dependence of the cyclopentadienyl ligand geometry on the sterics and electronics of the complex. We begin with a description of the synthesis, molecular structure, and solution properties of the simplest homoleptic cylopentadienylaluminum com pound, CpaAl.
Results and D iscu ssion
Synthesis, Molecular Structure, and Solution NMR Properties o f CpsAI (1). Earlier we reported a afforded the material as a light yellow oil. We have since found that we can isolate this material as a crystalline, low-melting solid (mp = 46 °C, uncorrected) by using rigorously clean starting materials and care fully crystallizing the compound from a petroleum ether solution in order to eliminate minor impurities from the product that prevent it from crystallizing. Single crystals of 1 were obtained in this manner for an X-ray structure determination. There are two unique CpgAl molecules in the unit cell of the crystal, both of which are shown in the ORTEP drawing in Figure 2 . Selected bond distances and angles for both structures are listed in Table 2 . In the absence of a Lewis base, the cyclopentadienyl rings are able to approach ^-geome tries. In one molecule, two rings are coordinated in more of an r¡1,5 fashion to the aluminum, with one carbon on each ring closely bound to the aluminum at distances of 2.049(11) and 2.093(9) À and the second carbon 0.2-0.3 Â slightly more distant at 2.32(2) and 2.304(10) À, respectively. The third ring approaches more of an ifgeometry with Al-nearest carbon distances of 2.092(7) and 2.192(7) Â. All of the other carbons of the three rings are more distant from aluminum than the nearest carbons by 0.4 Â or more. The canting of each of the rings toward one carbon is also reflected in the angles between the A l-C vectors and the ring plane, these angles being more acute for the more closely coordinated carbon. The roughly equivalent C-C bond lengths in the rings, ranging from 1.325(11) to 1 .39 7(1 0 ) Á, reflect a retention of aromaticity in the rings. The second Cpa Al structure exhibits more of an {r/2, ?;L5, r¡1} combina tion of ring geometries about the aluminum atom. The Al-nearest carbon distances in the rj2 ring are 2.106(7) an d 2.161(7)Â. They13 ring exhibits Al-nearest carbon distances of 2.047(7) and 2.324(9) À. Although the third ring may be regarded as rj1, the Al-C(l). bond distance of 2.016(7) Â being shorter than all the other A1~C distances in the ring by >0.5 Á, the pattern of C~C bond lengths in the ring is not consistent with the localized, diene structure exhibited by the cyclopentadienyl rings 
102.3(6) 104.2(6) 107.1(9) 99.7(5) 107.8(7) 100.4(6) 106.1(6) of ( able to the slightly smaller covalent radius and higher electronegativity of the gallium. Indium, in Cpgln, displays its larger size by adopting a coordination number of 4 through the formation of a polymeric structure in which the indium atoms are linked together by bridging, //^coordinated cyclopentadienyl rings. The nonbridging cyclopentadienyl rings are 1]1-coordinated to the indium as well. CpaSc also exhibits a polymeric structure in which one ring bridges two scandium atoms by rj1 coordination to each one. Unlike the main group metals, the scandium is able to use its 3d orbitals to adopt an ?75-coordination geometry with two of its four coordinated cyclopentadienyl rings. Like its heavier group 13 congeners, 1 is highly fluxional. An averaged signal for the rings is observed at Ö 6.1 in the lH NMR spectrum and < 5 114 in the 13C NMR spectrum for a 50:50 CT^CVFreon-ll solution sample of the compound. These signals show no notice able broadening down to -100 °C at 7 T. The combina tion of r]l'ñ and rç2-Cp ring coordination exhibited by the two CP3AI molecules in the X-ray structure suggests a simultaneous "whizzing" of the three rings about the aluminum via a. series of 1 ,2-shifts as a viable mecha nism for this averaging. The tetra coordinate aluminum compound Cp3Al(CN-¿-Bu)12 is, likewise, highly flux ional and exhibits averaged lH and 13C NMR spectra in toluene-<¿8 with no noticeable broadening down to " -100 °C, the temperature at which the compound begins to precipitate from solution. Interestingly, the 27A1 chemical shift of ó 81 (relative to an Al(OH)3 external standard) for 1 is at a higher field than that of the four-coordinate Gp3Al(CN-i-Bu) which has a chemi cal shift of ô 118.12 This downfield shifting of 27A1 NMR resonances for the tetracoordinate cyclopentadienyla luminum compounds relative to tri coordinate aluminum runs counter to the trend typically observed for organoaluminum and aluminum alkoxide compounds. The relatively high-fìeld 27Al chemical shift for CpaAl has previously been considered to be diagnostic of a tetra hedral aluminum center with an {rj3, r¡1, rj1} combination of ring geometries.16'17 While a clear relationship between coordination number and 27Al NMR chemical shift does indeed appear to exist for more classical structures in which the coordination number is un equivocal,16>18~20 we suspect that such an interpretation Methyl-substituted tricyclop entadienylaluminum com pounds were prepared in an effort to slow down the motion of the rings on the aluminum in order to possibly "freeze out" the ground-state structure on the NMR time scale and identify the mechanism of the averaging along with an activation barrier for the process. By placing methyl groups on the rings, we hoped to sterically impede the traversal of the aluminum about the cyclo pentadienyl ring. With this goal in mind, we first prepared (MeCsH^Al (2 ), in the same manner as 1 3 by reacting 1.5 equiv of l,l'-dimethylinagnesocene with tri chi oro aluminum. The compound was isolated as a light yellow oil. Its noncrystalline nature is possibly due to the presence of minor CpAl impurities in the product which are carried over from the small CpH contamina tion in the m ethy Icy cl op ent a di en e, As with the parent compound, an averaged 1H NMR spectrum was ob served for a toluene-dg solution of 2 down to -90 °C in a 300 MHz magnetic field. In this case, the averaged spectrum consists of a single resonance at ô 2.2 due to the methyl group and an AA'BB' pattern at < 5 5.5, 5.9 for the protons on the cyclopentadienyl ring. This result is not surprising since the aluminum need only migrate back and forth between the two unsubstituted ring carbons y to the methyl-substituted carbon (carbons 3 and 4) in order to achieve this averaging effect without ever having to traverse the methyl-substituted ring carbon. Three methyl substituents in the 1 , 2, and 4 positions of the cyclopentadienyl ring are necessary if the aluminum is to be required to migrate over a methyl-substituted ring carbon to achieve this averaging via a 1,2-element shift mechanism. We therefore pre pared (l,2 ,4 -CöMe3H2)3Al (3) in order to study its dynamic behavior in solution by and 13C NMR spectroscopy.
Synthesis, M olecular S tru ctu re, and S olu tion NMR P rop erties of ( l,2,4-C5M e3H2)3Al (3). Tris ti,2,4-trimethylcyclopentadienyl)aluminum (3) was pre pared in the same manner as the other tricyclopentadienylaluminum compounds by using (l,2,4-CßMe3H2)aMg An X-ray structure of the compound offers a possible explanation for why the compound is still too fluxional to overcome the fast-exchange limit at low temperature in the 1H and 13C NMR solution spectra. The ORTEP drawing of the molecule is shown in Figure 3 . A new combination of ring-coordination modes on the alumi num is now observed in which one of the rings is rf and the other two are rf to the aluminum. A similar combination of rf and r¡5 rings has been characterized in beryllocene23 and in some zincocene structures.24" 26 Selected bond lengths and angles for the structure are listed in Table 3 . The rf* ring is slightly tilted, with carbons atoms C(l), C(4), and C(5 ) canted toward the aluminum atom. The reason for this tilting is not immediately obvious; however, tilting of the rf ring has been characterized in the zincocene complexes [(CaHykCsH^Zn25 and (CsMe4Ph)2Zn24 and may perhaps be attributable to steric strain since tilting of the if ring was not observed in the solid-state structure of beryl locene.23 Presumably due to the presence of two differ ent rf cyclopentadienyl rings on the aluminum, the crystallographic structure of 3 does not suffer from a 
M olecular Structure o f (C ßM e^sA l (4). The preparation of 4 along with its unique insertion chem istry with ¿-butyl isocyanide was reported earlier.27
Since that report, the X-ray crystal structure of the compound has been determined. A discussion of the overall molecular geometry is worthwhile for purposes of comparison with the structures of the other homo leptic cyclopentadienylaluminum compounds described herein. As can be seen from the ORTEP drawing in Figure 4 , each of the cyclopentadienyl rings coordinate the aluminum in an ?/^fashion. Presumably the ad ditional sterics due to tetramethyl substitution of the cyclopentadienyl rings favor an 3 x rf geometry over the {2 x Yj1) rjh} geometry exhibited by compound 3. Selected bond lengths and angles are listed in Table 4 .
Given the poor refinement of the structure due to the weakly diffracting nature of the crystal, the bond (=N-i-Bu)(C5Me4H)} was originally assigned incor rectly27 and is actually ô 150. Again, we find that the three-coordinate aluminum atom resonates at a higher field than the four-coordinate aluminum atom.
Interestingly, we have been unable to prepare Cp*3-A1 by reacting decamethylmagnesocene with aluminum chloride. Instead, only one Cp* ring can be transferred to the aluminum in this manner to produce (Cp*AlCl2)2, which has been characterized previously.32 We have encountered a similar problem with sterics in our preparation of [(C5Me4H)(Cl)Al(^-0-¿-Pr)]2,a3 instead of the corresponding dicyclopentadienylaluminum com pound, from the reaction of (CsMeéH^Mg and dichloroaluminum isoprop oxide. It appears that the strong alkoxide and chloride bridges in these compounds interfere with further replacement of the chloride ligands by the bulkier cyclopentadienyl ligands. From steric considerations alone, Cp*3Al should be preparable since gallium has been shown to support three Cp* rings in Cp*3Ga, which was prepared by reacting NaCp* with GaClg.34 In order to explore the possibility that a greater thermodyamic driving force for the cyclopenta dienyl ligand for chloride ligand metathesis is necessary to overcome the stability of the bridged aluminum species, we have recently carried out the reaction between A IC I3 and 3 equiv of Cp*Na, from which we cleanly obtain a white, crystalline solid which we presently formulate as Cp^Al.35 Further characteriza tion of this material is in progress.
Theoretical C alculations. Since we found the balance between different ring hapticities to be so delicate for cyclopentadienylaluminum compounds, and since we were unable to assess the nature of the ring motion in these compounds by examining their solution *11 and 13C NMR spectra at low temperatures, theoreti cal calculations at the ab initio level (RHF/3-21G(*), RHF/6-31G*, and MP2/6-31G*) were undertaken on model compounds in order to determine the energy profiles of these compounds with respect to ring hap ticity and to assess the nature of the metal-ring bonding in these compounds.
In this study, we first concentrated on the simplest model compound, CpAlHs. We then looked at the effect of adding alkyl substituents to the cyclopentadienyl ring and replacing the hydride ligands with alkyl groups. The structures of some di-and tricyclopentadienylaluminum compounds were examined as well. By comparing the results of these calculations with experimental data acquired by ourselves and others, we have developed a general picture of the bonding between cyclopentadienyl ligands and aluminum. Figure 5 il lustrates several possible types of metal-ring bonding using such a projection. While we will not attempt to distinguish between rj1 and a interactions or between if and 7}5 geometries, the classification of the compounds within the remaining categories is obvious. Ring slippage paths for CpAlH2, CpAlMe2, and Cp*AlMe2 were calculated by sliding the projection of the Al atom on the ring plane along the bisector of a CCC angle in a manner similar to that used by Hoff mann and co-workers to calculate the transits of differ ent main-group and transition metal fragments across a cyclopentadienyl ring.11 This means that only two degrees of freedom were fixed for each point. The slippage path for CpALHk was calculated at the RHF/ 3-21GC*) and MP2/6-31G* levels. Paths for CpAlMe2 and Cp*AlMe2 were only calculated at the RHF/3-21G-(*) level, and the MP2/6-31G*-RHF/3-21G(*) energy difference for CpAlH2 was then added as a correction, During movement of the AIH2 moiety over the ring, the perpendicular m etal-ring distance does not vary much, remaining between 1.89 and 2.02 Â over the whole range of r¡l-r¡5 structures. Figure 6 shows this variation as a function of ring slippage and also contains the corresponding values for CpAlMe2 and Cp*AlMe2. The ring geometry also remains fairly constant during slippage. Some localization occurs when the bonding becomes truly cr, but in the y }1-range the cyclopen tadienyl ring remains a nearly symmetrical pentagon. n3 (A) or w2 (B) is inappropriate  (Figure 7) . Calculated potential energy surfaces for the transit of the AIH2 moity over the ring are shown in Figure 6 . (39) For example, in the r}2 structure the barrier for AIH2 rotation is 13 kcal/mol at RHF/3-2lG(*). On the other hand, a purely covalent description would result in a definite hapticity preference aa determined by a simple electron-counting rule (the 8-electron rule, comparable to the 18-electron rule in transition metal chemistry). In the present case, this would imply a definite preference for an rf or if geometry, with an rj5 geometry much higher in energy. On the basis of electron counting alone, an rj1 geometry should also be less favorable, although it should be stabilized relative to rf and rf by the large s/p energy difference for aluminum.
Calculated Structures and P oten tial Energy Surface for Ring Slippage in Various Model Com-
It is clear that a description in terms of traditional valence structures for
Apparently the ionic and covalent interactions be tween a cyclopentadienyl ring and aluminum are very delicately balanced, resulting in a flat potential over the whole range of r f-rf structures. A similar flexibility in the bonding profile has been experimentally and theoretically determined for beryllocene, there being at most an 11 kJ mol-1 difference in energy between the various possible haptotropes.28)29 Cyclopentadiénylzine compounds, likewise, have been found to exhibit thi,s so-called peripheral type of bonding involving a delicato balance of covalent and ionic interactions. 25 E ffect of R ing-M ethyl G roups on G eom etry, Introduction of methyl substituents on the ring desta bilizes rf and rf structures which have the Al atom near a methyl group. Thus, for ( l ,2-Me2CßH3)AlH2 at 3-21G-(*), isomer B (Figure 9 ) is 2 kcal/mol less stable than A, and C is not even a local minimum, reverting to an rf structure (with the Al atom away from the methyl groups) without a barrier. This m ust be partly a steric effect since the methyl groups bend back farther from the ring plane than the hydrogens to reduce steric repulsion with the adjacent aluminum fragment. The electronic factor would be due to the electron-donating methyl groups destabilizing the concentration of nega tive charge in the region occupied by the Al atom. Thia would explain the 3 x rf geometry exhibited in the solid » ¿ i * state by compound 4, and it would also be consistent with the {2 x rf, rjB } geometry exhibited by compound 3. In Cp*AlMe2, the calculated potential-energy curve begins to show some preference for rj5-bonding, which avoids both steric repulsion and charge concentration. However, the energy differences are still rather small, such that crystal packing forces or the steric and electronic effects of the other ligands on the Al atom could easily be large enough to overcome this intrinsic preference.
Comparison of Calculated and Observed Geom etries for Di-and T ricyclopentadienylalum inum Compounds. The following is a brief comparison between the the calculated and the crystallographicallydetermined geometries of Cp2AlH, Cp2AlMe, and Cp3-Al. A more detailed listing of parameters for the optimized structures of CP2AIH, Cp2AlMe, and Cp3Àl is provided in the Supporting Information.
The two CP2AI compounds prefer rfirf (at 3-21G(*)) or 2 x 7/ 15 (at RHF/6-31G*) structures; barriers for haptotropic shifts were not determined but are expected to be very small. These calculated geometries are in fairly close agreement with the 2 x rf geometry crystallographically characterized for Cp^AlMe. The calcu lated m etal-ring distances (2.061 and 2.064 Á) show reasonable agreement with the observed distances (2.014 and 2.027 Â).
CpaAl prefers an {rf, 2 x rj1} structure at both RHF/ 3-21G(*) and RHF/6-32G* levels. Again, ring slippage is expected to be facile in this system. While there is some discrepancy between the combination of ring hapticities in the calculated structure and the two molecular geometries characterized in the crystal struc ture of the compound, the calculated metal-ring dis tances (1.91-2.03 Á) show reasonable agreement with the observed values (1.97-2.02 Â) and the same propel ler-type arrangement of the rings was found.
Final Com m ents
Whereas the bonding between a cyclopentadienyl ring and a transition metal may be regarded as largely covalent by virtue of the involvement of the metal d-orbitals in ^-interactions with the ring, the bonding between cyclopentadienyl rings and main group metals and metalloids generally involves both ionic and cova lent contributions.1 The balance between the ionic and covalent contributions to bonding between the main group element and the ring depends on the spatial extent of the metal orbitals, the s/p energy difference for the element, and the electronegativity difference between the elements and carbon. At one extreme are the elements B, Si, and Hg, which exhibit a strong preference for covalent cr-bonding by virtue of their relatively high electronegativities. At the other extreme are the electropositive alkali and alkaline earth metals, which generally exhibit more ionic, rf-bonding. The remaining p-block metals run the gamut between the two extremes. As a consequence, they are chameleon like, adopting a variety of structures which are highly sensitive to the sterics and electronics of the ring system and the remaining coordination environment of the element. The crystallographically-characterized tri cyclopentadienylaluminum compounds described herein are illustrative of this chameleon-like behavior, exhibit ing dramatic changes in their solid-state geometries upon introduction of a Lewis base adduct and introducti on of methyl substituents onto the cyclopentadienyl rings.
Theoretical calculations reveal that there is a shallow potential energy surface connecting the different ring hapticities for aluminum which makes the balance between different geometries very delicate. Although the precise details differ somewhat depending on basis set and correlation treatment, regardless of the theo retical level, the energies of the rf to rf5 structures are within 1-2 kcal/mole, indicating that movement of the aluminum over the ring plane is essentially unre stricted. In fact, the ease with which aluminum is apparently able to slip about its cyclopentadienyl ring makes the question of preferred fluxional mechanism effectively moot. Clearly, there would be no hope of freezing out this motion for observation by solution NMR techniques and the magnitude of crystal packing forces is likely to override any effects due to innate geometrical preferences in energy barrier measure ments made by solid-state NMR. Nevertheless, we are examining these complexes by vari able-temp er ature, 13C CPMAS NMR in order to determine if the different geometries can be distinguished spectroscopically. We will also continue to examine the effects of attaching different ligands to aluminum and introducing substit uents on the cyclopentadienyl rings on the solid-state geometries of cyclopentadienylaluminum compounds.
The variation in reactivity exhibited by these cyclo pentadienylaluminum compounds is also noteworthy. The small-molecule insertion chemistry of (MeAEHfo-A1 contrasts remarkably with the behavior of the parent compound, CpsAl, which forms only adducts with these molecules, and undoubtedly arises from the steric strain in the molecule produced by the bulky tetramethylcyclopentadienyl rings. This aspect of cyclopentadienyl aluminum chemistry in particular merits further ex ploration since it could lead to novel applications of these compounds to organic synthesis and catalysis, two areas in which organo aluminum compounds have been found to be especially useful.
E xp erim en tal S ection
General Considerations. All manipulations were per formed using a combination of glovebox, high-vacuum, or Schlenk techniques. Solvents were distilled under nitrogen over sodium benzophenone ketyl (toluene) or CaH^ (petroleum ether). The solvents were then stored in line-pots from which they were vacuum transferred from sodium benzophenone ketyl. NMR solvents; benzene-de, toluene-dg, CDCI3, and CDr CI2 were dried over activated 4 À molecular sieves. Argon was purified by passage over oxy tower BASF catalyst (Aldrich) and 4 À molecular sieves. Aluminum trichloride (Aldrich) was sublimed prior to use. Freon 11 (Aldrich) was used as received. Dicyclop entadi ene and methyl cyclop ent adiene dimer were cracked under nitrogen and stored at -7 0 °C prior to use. Magnesocene was prepared as described in the literature.41,jj2 Ijl'-Dim ethyl magnes oc ene and bis(l,2,4-trimethylcyclopentadienyDmagnesium were prepared in the same manner from the corresponding methyl-substitued cyclopentadienes. Tris(l,2,3,4-tetramethylcyclopentadienyl)aluminum was pre pared as described previously.27 NMR spectra were recorded on an IBM NR-300 ( 
